Mating with intromission induces a prolonged preovulatory LH surge in the estrous female ferret but inhibits LH secretion in the male. We used the dual immunocytochemical localization of Fos (as a marker of neural activation) and tyrosine hydroxylase (TH) to determine whether neurons containing norepinephrine or other catecholamines are activated after mating. Breeding male ferrets were allowed to intromit with estrous females; both animals were perfused 90 min after the onset of intromission. Other male and female ferrets were perfused 90 min after being placed in a cage in which an opposite-sex ferret in breeding condition had previously been housed for 48 h. Control ferrets of each sex were perfused 90 min after being placed alone in a clean testing cage. Mating with intromission significantly augmented the percentage of TH-immunoreactive (TH-IR) neurons colabeled with nuclear Fos-like immunoreactivity (Fos-IR) in both the A6 and the rostral A2 midbrain catecholamine cell groups in females, but not males. Exposure to chemosensory cues alone also increased the percentage of Fos-IR TH neurons in the rostral A2, but not the A6, cell group in females. Chemosensory cues alone did not affect the percentage of double-labeled neurons in either cell group in males. These activated midbrain TH-IR neurons are most likely noradrenergic, and their activation in estrous females may facilitate the mediobasal hypothalamic release of LHRH required for the preovulatory LH surge. In both sexes, mating with intromission, but not chemosensory cues alone, augmented the percentage of periglomerular TH-IR neurons in the main olfactory bulb (MOB) that were colabeled with Fos-IR. These activated TH-IR neurons in the MOB are most likely dopaminergic. Their role in the neural response to mating is currently unknown.
INTRODUCTION
The ferret is a reflex-ovulating species in which receipt of an intromission induces a prolonged preovulatory LH surge in the female whereas mating with intromission inhibits LH release in the male [1, 2] . This sex dimorphism is reflected in the pattern of Fos-like immunoreactivity (Fos-IR) in forebrain LHRH and in non-LHRH neurons in the forebrain [3, 4] and is a result of differential neural processing of the somatosensory and chemosensory cues associated with mating [4] . Fos-IR is augmented by mating with intromission in distal segments (i.e., the main olfactory bulb [MOB] , the central tegmental field [CTF] , and the medial amygdala) of the excitatory input pathway to mediobasal hypothalamic LHRH neurons in ferrets of both sexes [4] . By contrast, Fos-IR is augmented in the proximal segments (i.e., the bed nucleus of the stria terminalis, the ventrolateral portion of the ventromedial nucleus of the hy-pothalamus, and the preoptic area) as well as in the LHRH neurons themselves after mating with intromission in the female, but not in the male [4] . After exposure to chemosensory cues alone, Fos-IR was induced in the distal segments of the input pathway (except for the CTF) in both sexes but not in the proximal segments or in the LHRH neurons themselves [4] . The neurotransmitters and neuropeptides that mediate the mating-induced activation of LHRH neurons via this excitatory input pathway are largely unknown.
Many studies have shown that catecholamines (CA), including norepinephrine (NE), dopamine (DA), and epinephrine, affect the release of LHRH, and subsequently the secretion of LH. To date, the effects of NE on LH release are the best characterized [5] . For example, inhibition of NE synthesis, blockade of a-adrenergic receptors, or 6-hydroxy-dopamine lesions inhibit the steroid-induced preovulatory release of LH in the female rat (reviewed in [5] ). In the rabbit, another reflex-ovulating species, in vivo microdialysis in the arcuate-median eminence region showed that the mating-induced preovulatory LH surge was preceded by augmented NE release followed closely by increased GnRH release in the female, but not the male [6] . These results suggest that NE may promote the secretion of LHRH from the terminals of LHRH neurons in the median eminence. Others have demonstrated in the rat that Fos-IR is augmented in tyrosine hydroxylase (TH) neurons at the time of the preovulatory LH surge in the A2 cell group [7, 8] . Estradiol and N-methyl-D-aspartate, both of which induce the release of LH, augment Fos-IR in TH neurons in the A2 and A6 cell groups, respectively. We hypothesized that catecholaminergic neurons would be activated by mating with the receipt of intromission in the female ferret.
TH-immunoreactive (TH-IR) cell bodies are found in periglomerular cells of the MOB in many species, including the rabbit, hamster, guinea pig, rat [9] , macaque, human [10] , and sheep [11] . These cell bodies do not stain for dopamine-3-hydroxylase, and all available evidence suggests that they are dopaminergic. The function of DA neurons in the periglomerular cells of the MOB is still unknown, although Wilson and Sullivan [12] proposed that these neurons may modulate lateral and feedback inhibition among glomeruli in the MOB. In addition to dopaminergic cell bodies, there are many TH-IR periglomerular fibers. Some of these fibers are certainly the processes of the periglomerular DA neurons, whereas others are noradrenergic fibers whose perikaryae are located in the midbrain.
Since many lines of evidence suggest a role for CA in the induction of the preovulatory LH surge in females of spontaneously ovulating as well as induced-ovulating species, we used the dual immunocytochemical localization of Fos and TH to determine whether mating with intromission, or exposure to chemosensory cues from an opposite-sex animal, activates CA neurons differentially in female and male ferrets. We monitored Fos immunoreactivity in TH neurons of each forebrain and midbrain CA group, including the periglomerular TH neurons of the MOB.
MATERIALS AND METHODS

Animals
All the experimental protocols conformed to the NIH guidelines for animal care and use and were approved by the Institutional Animal Care and Use Committee. Male and female Fitch ferrets in breeding condition were purchased from Marshall Farms (North Rose, NY). Each animal was housed individually in a modified rabbit cage under a long-day photoperiod (16L:8D, lights-on at 0700 h). All ferrets were fed moistened Purina ferret chow (RalstonPurina, St. Louis, MO) once daily. Water was available ad libitum. Animals were isolated for 48 h before testing in rooms in which only ferrets of the same sex were housed in order to avoid exposure to any chemosensory cues from the opposite sex.
Sensory Stimulation
Experimental manipulations were carried out between 1000 and 1300 h. Heterosexual pairs of breeding ferrets were placed in a modified rabbit cage (30 x 67 x 51 cm) with clean bedding. After being paired with a female, the male generally investigates the female's vulva. He then grips the female by her neck, mounts, and thrusts until he attains an intromission. In this species a single intromission lasts for longer than 1 h. Wersinger and Baum [13] showed that mating-induced Fos-IR was maximal in both LHRH and non-LHRH neurons of estrous ferrets killed 90 min after the onset of an intromission. Therefore, in the present study a total of 9 female and 5 male ferrets were perfused 90 min after they had either received (females) or achieved (males) an intromission. Four females received a 5-min intromission from breeding stimulus males (these males were not perfused and therefore not included in this study). An additional 5 pairs of ferrets were allowed to copulate for up to 90 min, whereupon they were separated and perfused. The durations of these uninterrupted intromissions were 16 (n = 1 pair), 47 (n = 1 pair), and 90 (n = 3 pairs) min. Female ferrets receiving an intromission 5 min or longer always experience a preovulatory LH surge [1, 2] . Males (n = 5) and females (n = 5) that received only chemosensory stimulation were placed into a cage in which an opposite-sex subject had been housed for 48 h and were perfused 90 min later. Unstimulated, control male (n = 5) and female (n = 9) ferrets were placed alone in a clean cage and perfused 90 min later. Brain sections from animals included in the present study were also used for Fos/LHRH double-labeling; these data are presented elsewhere [4, 13] .
Perfusion
Subjects were killed by i.p. injection with pentobarbital (Somlethol, 100 mg/kg; JA Webster, Leominster, MA). The heart was exposed, 0.1 cc sodium heparin (10 000 U/ml; Henry Schein, New York, NY) was injected into the left ventricle, and a 5-cc blood sample was taken for LH RIA (results presented in [4] ). The descending aorta was clamped, the tip of the heart cut off, and a perfusion cannula placed into the aorta through the left ventricle. The animal was perfused using a forced-air apparatus (pressure = 100 mm Hg) with 50 ml 0.1 M PBS (pH 7.4) followed by 750 (female) or 1000 (male) ml of 4% paraformaldehyde in 0.1 M phosphate buffer. The brains were quickly removed and postfixed in 4% paraformaldehyde for 4 h at room temperature (RT). The brains were transferred to 30% sucrose/PBS, and after they sank, they were sectioned coronally at 30 mm on a Reichert-Jung (Nossloch, Germany) SM2000R tabletop sliding microtome. Every sixth section was saved for Fos/TH immunocytochemistry. The brain was sectioned from the rostral tip of the MOB to the beginning of the spinal cord, and sections that included every CA cell group were processed.
Immunocytochemistry
Brain sections were incubated in 3% normal goat serum/ 1% H 2 0 2 /PBS for 120 min at 4C. The sections were immediately placed into the Fos primary antiserum (DCH-1; 1:5000 in 0.4% Triton X-100/0.1 sodium azide/PBS; rabbit polyclonal raised against N-terminal amino acids 2-17; gift of Dr. Gerard Evan, Imperial College, London, UK) for 16 h at RT. The sections were rinsed four times, 15 min each, in PBS between each incubation, and each incubation was performed at RT. After the rinses, the sections were incubated for 2 h with biotinylated goat anti-rabbit IgG (1:200; Vector Labs., Burlingame, CA) followed by avidin-biotinperoxidase (ABC, 1:100; Vector Labs.) for 2 h. After rinsing, the sections were reacted for 9 min with nickel-3,3'-diaminobenzidine HCI (DAB; prepared according to manufacturer's recommendation; Vector Labs.). After rinsing, the sections were incubated on an orbital shaker in the TH primary antiserum (1:1000 in 0.4% Triton X-100/0.1 sodium azide/PBS; mouse monoclonal antibody; IncStar, Stillwater, MN) for 16 h. The sections were rinsed and incubated with biotinylated horse anti-mouse IgG (1:200; Vector Labs.) for 2 h and then incubated for 2 h in ABC (1:100; Vector Labs.). The sections were rinsed and reacted for 32 min with aminoethyl carbazole (AEC; prepared according to manufacturer's recommendation; Vector Labs.). The sections were rinsed, mounted onto gelatin-coated slides, dried, rinsed in water, treated according to the manufacturer's recommendation with Crystal Mount (Biomeda, Foster City, CA), and coverslipped using permount. The specificity of the Fos antibody used in this study has been demonstrated previously in the ferret [3, 13] . Preincubation of the TH antibody with its antigen (purchased from IncStar) eliminated all TH-labeling.
Data Analysis
The slides were coded so that the sex and treatment of the animal were unknown to the investigator analyzing the TH-IR neurons. TH-IR neurons were examined under the 100x objective using oil. A TH-IR neuron was identified as double labeled only if a black, round nucleus was surrounded by red cytoplasm. Neurons without a clearly identifiable black nucleus were scored as single labeled. Representative photomicrographs containing single-and double-labeled TH-IR neurons are shown in Figure 1 . For each CA cell group, the brain section containing the largest number of TH-IR neurons within each cell group was analyzed in one hemisphere. The TH-IR neurons were mapped and scored as single-or double-labeled using a series of standard template camera lucida drawings beginning with the midbrain Al cell group and extending rostrally to the A16 cell group in the MOB (catecholaminergic cell groups are designated A1-A16 as in Hokfelt et al. [14] ). The number of non-TH Fos-IR nuclei was also counted in each midbrain and olfactory CA cell group. Sections were selected using a set of standard templates, and Fos-IR nuclei in one field D) under the 100x objective using oil. Fos-IR was visualized using nickel-DAB as the chromogen; TH-IR was visualized in these same sections using AEC as the chromogen. Bar = 12.5 mm; arrowhead, nucleus of TH-IR neuron; arrow, TH-IR cytoplasm.
of view under the 40x objective were traced using a camera lucida microscope attachment. All group means were compared using a two-way ANOVA followed by a StudentNewman-Keuls post hoc comparison.
RESULTS
Distribution of TH-IR Cell Bodies
Fos-IR in TH-IR Neurons
There was a sex difference in the mating-induced activation of TH neurons in the A6 cell group (Fig. 3) . Although the mean number of Fos-IR nuclei in non-TH neurons was equivalent in the two sexes and among the treatment groups (Table 2) , the mean percentage of Fos and TH double-labeled neurons was significantly greater in the A6 Shown schematically in Figure 2 is the location of TH-IR neurons ranging from the MOB to the caudal hindbrain from a representative estrous female ferret that received an intromission. The regional distribution of TH neurons in the ferret was more similar to that in the cat, sheep, and primate than in the rat. As in the sheep [15] , cat [16] , and human [10] , an A3 cell group was not found in the ferret. There were a few broadly scattered TH-IR neurons in the ferret that may correspond to the A4 cell group in the rat, but there was not a discrete cell group. In the ferret, there was not a clear division between the A6 and A7 cell groups as there is in the rat [14, 17] . As in the cat [16] and human [10] , neurons in these two cell groups appeared to overlap. In contrast to observations in the rat, there were no significant sex differences in the number of TH-IR neurons in any of the cell groups ( Figs. 3 and 4 ; Table 1 ). As in most other species [9] , there were no TH-IR cell bodies located in the accessory olfactory bulb (AOB). Other than these few differences, the distribution of TH-IR neurons in the ferret was comparable to that reported in other species. neurons of mated females than in the other groups. There was a significant sex x treatment interaction in the percentage of Fos-IR TH neurons (F( 2 , 29 ) = 13.1, p < 0.01).
Either exposure to chemosensory cues alone or mating activated neurons in the rostral division of the A2 cell group in females, but not in males (Fig. 3) . Again, there was a significant sex x treatment interaction in the percentage of TH-IR neurons colabeled with Fos-IR (F( 2 , 29 ) = 12.4, p < 0.01). There were no group differences in the number of non-TH Fos-IR nuclei (Table 2) in this brain region. There were no group differences in the percentage of Fos and TH double-labeled neurons, in the number of TH-IR neurons, or in the number of non-TH neurons with Fos-IR nuclei in any of the other CA groups studied (Tables  1 and 2) .
Mating significantly increased Fos-IR in periglomerular TH-IR neurons in ferrets of both sexes without affecting the number of Fos-IR non-TH neurons (Fig. 4, Table 2 ).
There was a significant effect of treatment (F(2, 29 ) = 13.1, p < 0.01), but not of sex (F( 2 , 29 ) = 0.6, p > 0.05), on the percentage of Fos-IR periglomerular TH-IR neurons in the MOB.
The plasma LH levels attained in the animals used in this study are reported elsewhere [4] . In these animals, perfused 1.5 h after mating, there was not a significant increase in the level of plasma LH. This is not surprising, however, since the preovulatory surge begins around this time [1, 2] . On the basis of earlier work [ 1, 2] , the females that received intromission in this study certainly would have experienced a preovulatory LH surge had we perfused them 1-2 h later.
DISCUSSION
Using nuclear Fos-IR as a marker, the present results show that there is a sexual dimorphism in the capacity of mating and of chemosensory cues alone to activate midbrain TH neurons in the ferret. This finding is consistent with the results of previous experiments showing that there is a sex difference in the ability of mating to induce a preovulatory LH surge [2] and to activate both LHRH and non-LHRH neurons in the ferret forebrain [3, 4] . The present results show that mating, but not exposure to chemosensory cues alone, activates TH-IR neurons in the A6 cell group of females, but not of males. Thus, a subpopulation of TH-IR neurons in the A6 cell group has augmented Fos-IR around the time of the preovulatory LH surge, suggesting, in conjunction with other evidence, that they perhaps play a role in its generation in estrous females.
The number of TH neurons expressing Fos after mating was relatively small; however, there is evidence (reviewed in [18] ) showing that surprisingly few LHRH neurons are needed to support pituitary LH secretion. In hypogonadal female mice, hypothalamic grafts containing as few as 3-5 LHRH neurons were capable of supporting an LH surge in response to the injection of ovarian steroids [18] . In addition, if NE acts at the terminals, many LHRH neurons could be induced to release LHRH at the same time. Thus, input from a relatively small number of A6 TH-IR neurons might provoke sufficient release of LHRH to induce a preovulatory LH surge.
The A6 cell group (the locus coeruleus, LC) is exclusively noradrenergic in the rat [14] and in all the other species studied to date [9, [14] [15] [16] [17] . Our own immunocytochemistry for dopamine-3-hydroxylase (unpublished results) yielded labeling that was very similar to that seen for TH, in terms of both cell number and distribution, sug- gesting that these neurons are also noradrenergic in the ferret. Neurons in the A6 cell group send diffuse projections throughout the forebrain, including the hypothalamus and median eminence [14] . The LC receives inputs from many forebrain regions including the preoptic area, the bed nucleus of the stria terminalis (BNST), and the periaqueductal gray [19] . Interestingly, in the rat, the heaviest forebrain projections to the LC come from the BNST In ferrets, neurons in the BNST expressed Fos-IR only in estrous females that received an intromission [4] . These females presumably experienced a preovulatory LH surge [1, 2] . These BNST neurons may project to NE neurons in the A6 cell group, which in turn project on to terminals of LHRH neurons located in the median eminence. Additional work will be needed to test this hypothesis. NE clearly facilitates the secretion of LH during the preovulatory LH surge in spontaneously ovulating species such as the rat [5] as well as in reflex-ovulating species. The intraventricular infusion of NE induces the secretion of LH in the estrous female rabbit [20] , and this effect of NE is estrogen dependent [21] . Interestingly, in a recent study, Yang et al. [6] demonstrated that there was a sexually dimorphic effect of mating on NE, LHRH, and LH release in the rabbit. In vivo microdialysis from the median eminence-arcuate region showed that after mating there was an increase in NE release closely followed by an increase in LHRH release in the female, but not the male. These results are consistent with the sexual dimorphism in the capacity of mating to activate midbrain TH neurons observed in the present experiment using ferrets.
Although NE is likely involved in the preovulatory release of LHRH and the subsequent LH surge in reflex-ovulating females, the location of the cell bodies of the neurons releasing the NE is unknown. Our results suggest that it is the activation of the A6 cell group that predicts the preovulatory LH surge in the estrous ferret. Fos-IR in TH-R neurons of the A6 cell group was augmented only in the female after mating with intromission, and this is the only group in the study in which the LHRH system was activated [4] . Finally, in the male, in which the LHRH system is not activated by mating [4] , colocalization of Fos-IR in TH-IR neurons was not observed.
Fos-IR was augmented in the rostral aspect of the A2 cell group in estrous female ferrets, but not in breeding males, either after exposure to chemosensory cues alone or after the receipt of an intromission. This implies that the activation of the rostral A2 cell group, by itself, is not sufficient to induce a preovulatory LH surge in the female ferret. Since the A2 cell group is large, extending rostrally from the area postrema through the nucleus of the solitary tract and into the dorso-medial medulla ( [14] , present results), it seems likely that the A2 cell group is functionally heterogeneous and is involved in numerous autonomic functions. This was the rationale for dividing the A2 cell group into its rostral and caudal divisions for analysis in the present study. An intriguing possibility is that the activation of these neurons may be necessary for the generation of the preovulatory LH surge but without concomitant activation of the A6 neurons is simply insufficient to induce a preovulatory LH surge. Indeed, Baum (unpublished results) found that it was difficult to induce ovulation in estrous ferrets using artificial glass rod vaginal-cervical stimulation in the absence of a stud male, suggesting that some cue associated with the male augments the excitability of the LHRH system in the female ferret, even without an intromission. Exposure to chemosensory stimuli from a male rat by itself failed to augment Fos-IR in LHRH neurons of females, whereas repeated mating increased Fos-IR in these same LHRH neurons. Removal of the vomeronasal organ prevented this increase [22] . Female voles exposed to male urine or soiled bedding from a male had significantly smaller uteri than females allowed full contact with a male [23] . However, females whose vomeronasal organs had been removed failed to show increased uterine size after being housed with a male [23] . Perhaps chemosensory cues activate neurons in the A2 cell group and maximize the excitability of the LHRH system in the female ferret.
Alternatively, the observed increase in Fos-IR in A2 cells of females after chemosensory stimulation could reflect a nonspecific effect of the testing paradigm used. In the ferret, many neurons in the area postrema (which contains a portion of the A2 cells) project to the spinal cord [24] . Asmus and Newman [25] showed that Fos-IR was induced in some TH-IR neurons, including those in the A2 cell group, by nonsexual stimuli (handling) in male Syrian hamsters. Perhaps the high levels of circulating estrogen, characteristic of the estrous female ferret, increase the excitability of A2 neurons. Control animals seemed less active than ferrets in the other groups and, although not quantified, movement and other exploratory behaviors seemed limited in those animals. The increase in general activity in experimental animals receiving stimulation could have augmented Fos-IR in the A2 TH-IR neurons such that the increased activation of these neurons that we observed was unrelated to the preovulatory LH surge occurring in mated females.
In contrast to results in the rat [7, 8] , there was no colocalization of Fos-IR and TH in the Al neurons of any group of breeding ferrets. In the rat, the increase in the percentage of Fos-IR TH-IR neurons is likely to be circadian in nature. Such a rhythm would not have been detected in our experiment. There was also virtually no colocalization of Fos-IR and TH-IR in any cell group other than those listed in Table 1 ( < 1%, data not shown) . Given recent results in the ewe [26] , this may seem surprising. In that study Fos-IR was increased in TH neurons in the A14 and A15 cell groups in anestrous, but not estrous, ewes. Since all our subjects were in estrous, however, we would not expect to see colocalization in these cell groups in our animals.
In the ferret, as in the rat [27] , cat [9] , macaque, human [10] , and sheep [11] , TH-IR was limited to periglomerular cells of the MOB. In the rat, 85% of these neurons also contain gamma-aminobutyric acid (GABA)-IR, about 50% also contain TRH-IR (thyroid releasing hormone-immunoreactivity), and 35-50% contain both GABA-IR and TRH-IR [28] . GABA is involved in olfactory learning and the pheromonal modulation of reproductive endocrinology in the rat and sheep [29, 30] , but the role of the DA released from these TH-IR neurons is less clear. The periglomerular DA neurons may modulate lateral inhibition or play a role in the threshold to respond to odor stimulation [12, 31, 32] . 
